Viral encephalitis markedly increases the risk for the development of epilepsy. The Theiler's murine encephalomyelitis virus (TMEV)-induced model of seizures/epilepsy is a murine model of both viral-induced seizures/epilepsy and human Temporal Lobe Epilepsy. The inflammatory cytokines interleukin (IL)-6 and tumor necrosis factor (TNF)-α have been shown to play a role in seizure development in the TMEV-induced model of seizures/epilepsy, and infiltrating macrophages along with microglia have been shown to be major producers of these cytokines. The metabotropic glutamate receptor 5 (mGluR5) is a G-protein coupled receptor that has been shown to reduce IL-6 and TNF-α and to provide neuroprotection in other disease models. Therefore, we hypothesized that stimulation of mGluR5 would not only reduce seizures but attenuate IL-6 and TNF-α production in microglia and macrophages in the TMEV model. We found that pharmacological stimulation of mGluR5 with the selective positive allosteric modulator VU0360172 not only reduced acute seizure outcomes, but also reduced the percent of microglia and macrophages producing TNF-α 3 days post infection. Furthermore, treatment with VU0360172 did not alter the level of viral antigen, compared to controls, showing that this treatment does not compromise viral clearance. These results establish that mGluR5 may represent a therapeutic target in the TMEV-induced model of seizures/epilepsy.
Introduction
Viral infection of the central nervous system (CNS) has been shown to increase the risk of developing seizures and epilepsy, with 4-20% of patients who have recovered from viral encephalitis going on to develop some form of seizures (Getts et al., 2008) . Moreover, there are over 100 different neurotropic viruses that can cause encephalitis in humans, some of which have been implicated in the development of seizures and epilepsy [(Misra et al., 2008) , further reviewed in (Libbey and Fujinami, 2011) ]. Our lab has previously developed and characterized a model of viral-induced seizures/epilepsy using the Daniels (DA) strain of Theiler's murine encephalomyelitis virus (TMEV), providing the first viral infection-driven model of seizures/epilepsy (Libbey et al., 2008) . In the TMEV-induced seizure model, C57BL/6J mice are intracerebrally (i.c.) infected with the DA strain of TMEV at day 0. The DA strain of TMEV has a tropism for the hippocampus and other limbic regions, spreading to these structures bilaterally (Stewart et al., 2010a) . Approximately 50% of the infected C57BL/6 J mice develop behavioral seizures. These acute seizures start as early as 3 days post infection (DPI) and end by 10 DPI, with the majority of seizures occurring between 5 and 7 DPI. At 14 DPI there is little to no TMEV antigen positive cells detectable in the brain, and mice go on to clear the virus (Libbey et al., 2008; Kirkman et al., 2010) . The mice then enter a latent period, of roughly 2 months, in which there are no detectable behavioral seizures, after which approximately 50% of the mice that had acute seizures go on to develop spontaneous recurrent seizures -epilepsy (Stewart et al., 2010b) . In addition to seizures, mice display pathologies in the hippocampus, such as astrogliosis, microglial activation, and neuronal loss, all phenotypes shared with human Temporal Lobe Epilepsy (TLE) (Loewen et al., 2016) . Therefore, the TMEV-induced seizure model represents not only a model of viral-induced seizures/epilepsy, but also of human TLE. The TMEV-induced model of seizures/epilepsy is further reviewed here (DePaula-Silva et al., 2017) .
Previous work has shown the importance of CNS inflammation in the development of seizures in the TMEV-induced seizure model (Cusick et al., 2013; Kirkman et al., 2010; Patel et al., 2017) along with a variety of other models (Bertani et al., 2017; Pauletti et al., 2017; Vezzani et al., 2015) . Two inflammatory cytokines shown to be important in this model are interleukin (IL)-6 and tumor necrosis factor (TNF)-α. Not only are TNF-α and IL-6 mRNAs increased in the brains of TMEV-infected mice experiencing seizures, but significantly fewer mice have seizures when deficient in TNF-α receptor-1 or IL-6 (Kirkman et al., 2010) . Furthermore, a study looking specifically at TNF-α levels in the hippocampus showed that both mRNA and protein levels of this cytokine were significantly increased in TMEV-infected animals at 5 and 14 DPI .
Another important component to TMEV infection and seizure development is resident and infiltrating immune cells. It is already known that TMEV infection results in immune cell infiltration into the brain (Cusick et al., 2013; Kirkman et al., 2010) , and that this infiltration is concentrated in the hippocampal formation (Howe et al., 2012) . When macrophage infiltration was reduced through treatment with drugs such as wogonin or minocycline, two known anti-inflammatories, significantly fewer mice had seizures (Cusick et al., 2013; Libbey et al., 2011a) . Furthermore, seizures were significantly reduced in TMEV-infected mice which had either resident brain cells deficient in IL-6, or IL-6-deficient infiltrating cells (Libbey et al., 2011b) . Congruent with this work, depletion of monocytes through the use of the drug clodronate significantly reduced both infiltrating macrophages in the brain and TMEV-induced seizures (DePaula-Silva et al., 2018) . These studies show that inflammation plays a large role in the development of seizures which are not solely dependent on viral infection alone. Additionally, it has been shown that even though there is extensive loss of neurons in the CA1 region of the hippocampus in a TMEV-infected C57BL/6J mouse, only 10% of those neurons are positive for TMEV antigen (Buenz et al., 2009) , further demonstrating that inflammation and noncell-autonomous mechanisms are critical factors in this model.
Studies evaluating resected tissue from human TLE patients have shown the metabotropic glutamate receptor 5 (mGluR5) to be upregulated in the hippocampus (Kandratavicius et al., 2013; Notenboom et al., 2006) . Traumatic brain injury research has also shown that mGluR5 stimulation with a selective positive allosteric modulator, known as VU0360172, can reduce lesion volume, hippocampal cell loss and the production of IL-6 and TNF-α in the brain (Loane et al., 2014; Zhang et al., 2015) . Experiments using an immortalized microglial cell line, BV2 cells, have also shown that VU0360172 reduces TNF-α production in lipopolysaccharide-stimulated cells (Loane et al., 2014) . This collection of work makes it reasonable to hypothesize that mGluR5 stimulation with VU0360172 could produce neuroprotective and antiinflammatory affects that result in decreased seizures. We therefore investigated whether mGluR5 represents a potential therapeutic target in the TMEV-induced model of viral-induced epilepsy.
Materials and methods

Animals
C57BL/6J inbred mice, 4-weeks old and male, were obtained from the Jackson Laboratory (Bar Harbor, ME). All experiments involving animals, along with their care, were reviewed and approved by the University of Utah Institutional Animal Care and Use Committee (Protocol #15-08004) and were conducted in accordance with guidelines prepared by the Committee on Care and Use of Laboratory Animals, Institute of Laboratory Animals Resources, National Research Council. Also, all animal studies complied with the ARRIVE guidelines. All efforts were made to minimize suffering and mice were euthanized through an overdose of isoflurane.
TMEV infection
On Day 0, animals were infected as previously described (Libbey et al., 2011b) . Briefly, 5-to 6-week old C57BL/6J mice were anesthetized with isoflurane by inhalation and infected i.c. with either 4 × 10 4 plaque forming units (PFUs) of the DA strain of TMEV, or mock infected with phosphate-buffered saline (PBS). The DA strain of TMEV was propagated as previously described (Zurbriggen and Fujinami, 1989) .
Western blot
Brains were obtained from TMEV-infected and mock-infected (PBSinjected) mice for 1-2 DPI, and for 3-14 DPI time points brains were obtained from mock-infected and TMEV-infected mice displaying seizures. Hippocampi were dissected, weighed, and then homogenize on ice in Syn-PER reagent (ThermoFisher Scientific, Waltham, MA). In order to obtain a synaptosomal fraction, the homogenized samples were centrifuged at 1200 ×g for 10 min. The supernatants were collected and centrifuged at 15,000 x g for 20 min. The supernatants were discarded and the final pellets were resuspended in 100 μL Syn-PER reagent. Gel electrophoresis of the synaptosomal samples was performed using Criterion TGX 4-15% precast polyacrylamide gels (BioRad, Hercules, CA), and transfer of proteins to nitrocellulose was carried out using a semi-dry transfer system (BioRad). Nitrocellulose membranes were then stained using anti-mGluR5 (ABCAM, Cambridge, MA) and anti-β actin (SigmaAldrich, St. Louis, MO), and secondary antibodies conjugated with horseradish peroxidase (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) were used to identify protein bands with chemiluminescence reagents. Analyses of western blots were performed using ImageJ software, normalizing all samples to β-actin as a loading control. Samples were eliminated if there were clear and visible artifacts, loading, or transfer errors.
Immunofluorescence
For immunofluorescence imaging, whole brains were collected from mice displaying seizures and control mice. Brains were frozen in TissueTek O.C.T. Compound (VWR, Radnor, PA) and 8 μm slices were obtained. Slices were stained with anti-mGluR5 primary antibodies (ABCAM) and visualized using Alexa Fluor 488 anti-rabbit secondary antibodies (ABCAM). Images were obtained using a confocal laser scanning microscope at the Fluorescence Microscopy Core Facility, a part of the Health Sciences Cores at the University of Utah. Images for analysis were obtained using 40× z-stack images taken in the CA1, CA3, and dentate regions of the hippocampus, along with cortex as an internal control. All images were taken on the left side of the tissue, contralateral to the injection site to avoid injection artifacts. All images underwent a background subtraction, and mGluR5 was quantified by multiplying the area of positive pixels by the average pixel intensity (IntDen). Representative mosaic images were constructed by stitching together 20× images of the hippocampus from representative slides.
Drug treatment
For experiments investigating positive allosteric modulation of mGluR5, we used the drug VU0360172 (Tocris, Minneapolis, MN) suspended in PBS with 10% Tween-80, as per previous reports (Loane et al., 2014; Zhang et al., 2015) . TMEV-infected mice were injected intraperitoneally (i.p.) with either 50 mg/kg VU0360172 (N = 18-20 mice per group) or vehicle (N = 19-20 mice per group), all in 200 μL, at T.J. Hanak et al. Experimental Neurology 311 (2019) 194-204 6 h, 1, 2, and 3 DPI and mice were observed for behavioral seizures up to 10 DPI. Long term drug treatment included the same initial injection schedule and continued daily through 8 DPI. To block mGluR5 signaling, 3-((2-Methyl-4-thiazolyl)ethynyl)pyridine (MTEP) (Tocris) was solubilized in PBS and administered to mice at 10 mg/kg at 6 h, 1, 2, and 3 DPI (N = 24 mice); control mice were injected with 200 μL PBS as vehicle (N = 25 mice).
Flow cytometry and direct intracellular cytokine staining (ICS)
Direct ICS was performed as previously described (Cusick et al., 2013; Liu and Whitton, 2005) . Briefly, animals were retro-orbitally injected with 250 μg Brefeldin A (SigmaAldrich), an inhibitor of protein transport, 6 h before being sacrificed. Brains were immediately collected and processed on ice. Extracellular staining was carried out using anti-CD45-V500 (BD Biosciences, San Jose, CA) and anti-CD11b-BV421 (BioLegend, San Diego, CA) in order to distinguish microglial (CD45 cytofix (BD Biosciences) and stained with anti-TNF-α-Pe-Cy7 (BioLegend) and anti-IL-6-PE (eBioscience). Gating for all flow cytometry experiments was determined by Fluorescence-minus-one (FMO) for CD45, CD11b, TNF-α, and IL-6 antibodies.
Seizure scoring
Seizure monitoring and scoring was performed as previously described (Libbey et al., 2011b) . Briefly, mice were observed for 2 h a day and graded using the Racine scale: stage 1, mouth and facial disturbances; stage 2, head nodding; stage 3, forelimb clonus; stage 4, rearing; stage 5, rearing and falling (Racine, 1972; Cusick et al., 2013) . The percentage of mice with seizures was calculated as follows: (number of mice with seizures/total number of mice infected) × 100. Average cumulative seizure burden was determined by totaling the daily Racine scores for each mouse and then, using these totals, an average score for each experimental group was calculated.
Immunohistochemistry
Mice were euthanized and perfused with PBS, followed by 4% paraformaldehyde solution. Brains were harvested, divided into 5 coronal slabs, embedded in paraffin and cut into 4 μm thick tissue sections. Immunohistochemistry was performed as previously described (Kirkman et al., 2010; Tsunoda et al., 2001) . DA viral antigen positive cells were detected on paraffin embedded sections using anti-TMEV antibodies and secondary antibodies conjugated to horseradish peroxidase. Slides were then developed using the avidin-biotin peroxidase complex technique with 3,3′-diaminobenzidine tetrahydrochloride (SigmaAldrich) in 0.01% hydrogen peroxide (SigmaAldrich) in PBS. Quantification of DA viral antigen positive cells was performed in a blinded fashion with a light microscope using one slide per brain and evaluating tissue sections from all five coronal slabs represented per slide (5 animals per group). The following brain regions were observed during the quantification process: frontal lobe, septum, caudoputamen, hippocampus, thalamus, midbrain, cortex, and cerebellum.
Statistical analysis
Prism v.7 (Graphpad software, La Jolla, CA) was used for statistical analysis and the creation of all graphs. The significance of the percent of mice having seizures per day was determined using a Fisher's exact test. Western blot optical density, immunofluorescence, daily average clinical score, and seizure burden were analyzed using a Mann-Whitney U test. Area under the curve analysis was also performed on daily average clinical score data and the significance between curve areas was determined by a Student's t-test. Outliers were identified by a Grubb's test. Results with p < .05 were considered statistically significant.
Results
mGluR5 expression is decreased in the hippocampus during acute seizures
Previous work in human TLE showed that mGluR5 levels were increased in established TLE patients compared to controls (Kandratavicius et al., 2013; Notenboom et al., 2006) . Before we started our investigation as to whether mGluR5 could serve as a therapeutic target in our model, we sought to determine whether there were changes in mGluR5 expression in animals having seizures compared to controls. We used western blot analysis to investigate whether mGluR5 levels were increased in our mouse model of human TLE. Hippocampi were collected from TMEV-infected mice with seizures, and from PBS mock-infected controls, at 1, 2, 3, 6, and 14 DPI. We found that mGluR5 levels were decreased at the start of the acute seizure phase (3 DPI) (Control: N = 5, Seizure: N = 4; p ≤ .05, Mann-Whitney U test) (Fig. 1A-B ) and remained decreased when measured at 6 DPI, the height of seizure activity (Control: N = 5, Seizure: N = 10; p ≤ .01, Mann-Whitney U test) (Fig. 1A-B) . Expression of mGluR5 was also observed to be reduced in the mice that had experienced seizures at 14 DPI (Control: N = 5, Seizure: N = 10; p ≤ .01, Mann-Whitney U test) (Fig. 1A-B) , the time at which seizures have stopped and the amount of TMEV antigen is either low, or undetectable (Kirkman et al., 2010) . Just prior to the onset of seizures, an increase in expression level of mGluR5 was observed at 2 DPI (Control: N = 3, Seizure: N = 7; p ≤ .05, MannWhitney U test) (Fig. 1A-B ) in TMEV-infected mice as compared to PBS mock-infected controls. No significant differences were observed at 1 DPI (Control: N = 5, Seizure: N = 9) (Fig. 1A-B) .
We wanted to determine whether the decrease in mGluR5 was specific to a hippocampal region or if this change was global within the hippocampus. Therefore, we used immunofluorescence staining for mGluR5 and confocal imaging of brain slices from animals with seizures and mock-infected control animals at 6 DPI. Immunofluorescence confocal imaging showed a significant decrease in mGluR5 immunoreactivity in the CA1 (p ≤ .001, Mann-Whitney U test) and CA3 (p ≤ .0001, Mann-Whitney U test) regions of the hippocampus with no significant changes seen in the dentate or cortex (control brain region) in TMEV-infected mice with seizures compared to controls (3-4 slices per animal; Control: N = 4, Seizure: N = 5) (Fig. 1C-D) . Therefore, following an initial increase in mGluR5 at 2DPI, mGluR5 was then decrease over the time course of acute seizures (3, 6, and 14 DPI) and this decrease was localized to the CA1 and CA3 regions of the hippocampus.
Treatment with the mGluR5 positive allosteric modulator VU0360172 changes seizure outcomes
In order to test whether the observed changes in mGluR5 were T.J. Hanak et al. Experimental Neurology 311 (2019) 194-204 merely a consequence of seizures, or whether mGluR5 could represent a potential therapeutic target, we used the mGluR5 positive allosteric modulator VU0360172. Animals were treated 6 h after TMEV infection and 1, 2, and 3 DPI with either VU0360172 or vehicle control (short term treatment). The group treated with VU0360172 showed a significant decrease in the percent of mice with seizures at 4 (p ≤ .01, Fisher's exact test) and 7 DPI (p ≤ .05, Fisher's exact test), compared to controls (Vehicle: N = 19, VU0360172: N = 18) ( Fig. 2A) . When observing average clinical score, which equates to the average Racine scale seizure score, per group per day, the average clinical score was significantly lower in VU0360172-treated mice at 4 (p ≤ .01, MannWhitney U test) and 7 DPI (p ≤ .05, Mann-Whitney U test) (Fig. 2B) , and there was a significantly smaller area under the curve for VU0360172-treated mice compared to vehicle-treated controls (p ≤ .001, Student's t-test) (Fig. 2C) . Additionally, we measured the average cumulative seizure burden of the mice that experienced seizures in each experimental group and found that the mice treated with VU0360172 had a significantly lower average cumulative seizure burden than that of control mice (p ≤ .0001, Mann-Whitney U test; Vehicle: N = 11, VU0360172: N = 14) (Fig. 2D) . Thus, treatment with VU0360172 for up to 3 DPI resulted in attenuation of seizures. It was possible that the seizures were only delayed and not completely ameliorated due to the cessation of VU0360172 treatment after day 3. In order to test whether extended treatment could stop seizures altogether, we repeated VU0360172 treatment of TMEV-infected animals and continued administration of the drug through 8 DPI (long term treatment). Again, there was a significant decrease in the percent of mice experiencing seizures at 4 DPI, compared to vehicle-treated controls (p ≤ .05, Fisher's exact test; Vehicle: N = 23, VU0360172: N = 25), but not at 7 DPI (Fig. 2E) . For average daily clinical score, again the average clinical score was significantly lower in VU0360172-treated mice at 4 DPI (p ≤ .01, Mann-Whitney U test), but not at 7 DPI (Fig. 2F) , and the area under the curves were significantly different between the VU0360172-treated animals and vehicle-treated controls (p ≤ .01, Student's t-test) (Fig. 2G) . Finally, although there was a decrease in the average cumulative seizure burden of mice with seizures in VU0360172-treated mice compared to controls (Vehicle: N = 19, VU0360172: N = 18), this effect was not significant (Fig. 2H) . These findings suggest that there is a critical window for treatment with VU0360172 between infection and 3 DPI and after that point treatment is no longer effective at delaying or limiting seizures. Additionally, this lack of further reduction in seizures with long term VU0360172 treatment suggests that this drug does not possess direct anti-seizure effects.
Inhibiting mGluR5 does not exacerbate seizures
Since we observed that treatment with VU0360172, a positive allosteric modulator of mGluR5, had a positive effect on seizure outcomes as compared to controls, we then investigated whether decreasing mGluR5 activity would worsen the seizure phenotype in these animals. In order to block mGluR5 activity we administered MTEP, a selective allosteric antagonist of mGluR5. TMEV-infected mice were treated with either MTEP or vehicle control 6 h after infection and 1, 2, and 3 DPI. No significant effects were observed on the percent of mice having seizures when comparing the MTEP-treated mice to controls (Vehicle: N = 24, MTEP: N = 25) (Fig. 3A) . Additionally, no differences between groups were observed in the average daily clinical score (Fig. 3B) , the area under the curve for average clinical scores (Fig. 3C) , or the average cumulative seizure burden in the mice with seizures (Vehicle: N = 22, MTEP: N = 22) (Fig. 3D) . Therefore, blocking mGluR5 activity did not make the seizure phenotype worse.
mGluR5 stimulation does not decrease macrophage infiltration into the brain
Previous work in the TMEV-induced seizure model has shown that infection leads to macrophage (CD45 hi CD11b + ) and lymphocyte (CD45 hi CD11b − ) infiltration into the brain (Cusick et al., 2013; DePaula-Silva et al., 2018; Libbey et al., 2011b) . Furthermore, the use of minocycline and wogonin, two drugs that have been shown to reduce seizures in the TMEV model, reduced macrophage infiltration into the brain at 3 DPI (Cusick et al., 2013) . It is also known that mGluR5 has anti-inflammatory actions Loane et al., 2009; Zhang et al., 2015) . Therefore, we tested whether short term VU0360172 administration to activate mGluR5 would limit infiltration of immune cells into the brain at 3 DPI. Whole brains were collected from TMEV-infected VU0360172-treated animals along with TMEVinfected vehicle-treated controls. Flow cytometry was performed on cells isolated from brains and gating, using CD11b and CD45 markers, was performed to isolate the single cell R1 (ramified microglia: CD45 lo/ int CD11b + ) and R2 (macrophages and activated microglia: CD45 hi CD11b + ) populations (Fig. 4A) . No significant reduction was seen in the percent of either the R1 or R2 cell populations in the brain at 3 DPI in the VU0360172-treated mice compared to the vehicle-treated controls (Control: N = 10, VU0360172: N = 10) (Fig. 4B) . Therefore, activation of mGluR5 did not limit the infiltration of immune cells into the brain.
VU0360172 treatment reduces TNF-α production by immune cells in vivo at 3 DPI
Although VU0360172 treatment did not significantly alter immune cell infiltration into the brain, we sought to test whether the infiltrating macrophages and resident microglia produced significantly less TNF-α or IL-6, two proinflammatory cytokines previously shown to play a role in seizure development in the TMEV-induced seizure model (Kirkman et al., 2010; Libbey et al., 2011b) . In order to measure changes in the production of these two cytokines specifically in microglia and macrophages at 3 DPI, we performed direct ICS and flow cytometry on isolated immune cells from brains of TMEV-infected, short term VU0360172-treated mice and vehicle-treated control mice (Fig. 5A) . We found that the geometric mean fluorescence intensity (g-MFI) of the TNF-α + cells, along with the percent of TNF-α + cells, isolated from the brain was significantly decreased in VU360172-treated mice as compared to vehicle-treated controls (p ≤ .01 for both measures, MannWhitney U test; Control: N = 10, VU0360172: N = 10) ( Fig. 5B-C) . Furthermore, TNF-α g-MFI and the percent of TNF-α + cells was significantly decreased in both the R1 and R2 cell populations (R1: p ≤ .01, R2: p ≤ .05, Mann-Whitney U test) ( Fig. 5D-E) . In contrast, IL-6 was significantly increased in the percent of IL-6 + cells in the R2 cell population (p ≤ .05, Mann-Whitney U test; Control: N = 10, VU0360172: N = 10). However, this effect was not reflected in the IL-6 g-MFI of this cell population (Supplemental Fig. 1 ). Thus, VU0360172 treatment reduces TNF-α production without affecting IL-6 production at 3 DPI. We repeated this experiment at 6 DPI to determine the effects of short term VU0360172 treatment on cytokine production in the whole brain, R1, and R2 cell populations during the height of acute seizures. At this time point we found that there were no significant changes in TNF-α (Fig. 6 ) or IL-6 (Supplemental Fig. 2 ) for percent positive cells or g-MFI for either the whole brain, R1, or R2 cell populations (Control: N = 10, VU0360172: N = 10). These results show that VU0360172 treatment reduces the TNF-α + microglia and macrophages at 3 DPI, however, this effect is lost at 6 DPI, a time point in our model where most of the mice that will have seizures have already had observed seizures (peak of seizures).
VU0360172 treatment does not alter clearance of viral antigen at 14 DPI
Our data show that VU0360172 treatment can modulate the immune response in our TMEV-induced seizure model, and it is known T.J. Hanak et al. Experimental Neurology 311 (2019) 194-204 that TNF-α can have important anti-viral effects (Chyuan et al., 2015; Shrestha et al., 2008) . Therefore, it is possible that the clearance of TMEV in animals treated with VU0360172 could be compromised. In order to determine whether short term treatment with VU0360172 compromised clearance of TMEV in our model, we stained for TMEV antigen on paraffin embedded brain tissue slices from vehicle-and VU0360172-treated mice at 14 DPI (Fig. 7A ), the time point at which little to no TMEV antigen should be detectable (Kirkman et al., 2010) . We found that there was no significant difference in the number of antigen positive cells in VU0360172-treated mice compared to vehicletreated controls (Control: N = 5, VU0360172: N = 5) (Fig. 7B ). An outlier in the vehicle group was detected using the Grubb's test (p ≤ .05). However, the presence or absence of this data point did not affect the significance of the results, and therefore it was not removed from the final data set or graphical representation (Fig. 7) . The lack of significant changes in the number of antigen positive cells shows that VU0360172-treatment did not compromise viral clearance.
Discussion
Previous work has shown that TNF-α and IL-6 production by resident microglia and infiltrating macrophages, respectively, plays a role in the development of acute seizures in the TMEV-induced model of seizures/epilepsy (Cusick et al., 2013) . It has also been established that mGluR5 stimulation with the positive allosteric modulator VU0360172 can reduce IL-6 and TNF-α production, along with having neuroprotective effects, in other models of brain injury Zhang et al., 2015) . Therefore, the present work was initiated to explore the potential of using VU0360172-induced mGluR5 stimulation as a means to reduce the production of IL-6 and TNF-α, and attenuate seizures, therefore exploring its use as a potential therapeutic target in the TMEV model. Upon examination of mGluR5 expression within the hippocampus over the course of seizures, we described a decrease in mGluR5 protein levels in the hippocampus of mice that displayed seizures starting at 3 DPI which was observed out to 14 DPI (Fig. 1A-B) . This reduction in mGluR5 was localized to the CA1 and CA3 regions of the hippocampus (Fig. 1C-D) , two regions known to develop pathologies, to include cell death, gliosis, and network changes, in our model (Buenz et al., 2009; Libbey et al., 2008; Loewen et al., 2016; Smeal et al., 2015 Smeal et al., , 2012 . For the experiments investigating mGluR5 levels at 3-14 DPI, we only used mock infected controls and TMEV-infected mice that displayed seizures. Since we wanted to compare mice with seizure pathology to those without, we did not include TMEV-infected mice that did not display seizures. Additionally, we did not include this TMEV-infected, nonseizure group since we could not rule out the possibility of sub-clinical seizures, or seizures that happened between observation periods. However, due to this fact, currently we cannot parse out a potential relation of the decrease in mGluR5 to TMEV infection alone. It should be noted that previous work in the TMEV model has shown that TMEVinfected mice that do not display seizures have less cell loss and pyknosis in the hippocampus, along with less TNF-α and IL-6 mRNA in the brain than TMEV-infected mice with seizures (Libbey et al., 2008; Kirkman et al., 2010) . The differences between TMEV-infected mice with and without seizures can be reviewed further here (Libbey and Fujinami, 2011) . Therefore, it is reasonable to hypothesize that the levels of mGluR5 will not show the same reduction in expression in TMEV-infected mice that did not display seizures as was seen in mice with seizures.
Our observed decrease in mGluR5 differs from previous reports examining mGluR5 expression in human TLE (Kandratavicius et al., 2013; Notenboom et al., 2006) . One distinction between the studies, however, is that our experiments are measuring mGluR5 levels during the acute phase of our TMEV-induced seizure model. This acute phase is early in the course of disease when the animals have seizures in tandem with viral infection. In contrast, the mentioned studies of human TLE did not occur during known viral encephalitic infections and were conducted after the TLE was well established in the patients. Studies looking at the mGluR5 expression levels in mice at later time points, such that they have cleared the virus and have developed spontaneous and recurrent seizures (epilepsy phase), could better reflect the time point of human TLE examined in the previous studies. An additional focus for investigation at the acute phase and later time points would include cell type specific expression of mGluR5; this is especially relevant as other TLE models, such as the low dose kainate model, show an upregulation of mGluR5 in astrocytes after status epilepticus (Umpierre et al., 2016) . This study shows that mGluR5 stimulation with VU0360172, starting on day 0 and continuing through 3 DPI (short term treatment), changes seizure outcomes in TMEV-infected mice ( Fig. 2A-D) . We observed that TMEV-infected mice had significantly fewer seizures at 4 and 7 DPI, along with significantly lower average clinical scores for those days. Our data also showed that this short term treatment reduced seizure burden in the mice experiencing seizures. Long term VU0360172 treatment (through 8 DPI) did not totally eliminate or even reduce seizures as compared to mice only treated through 3 DPI (Fig. 2E-H ). This suggests that there is a critical window for treatment in the first three days of infection. During long term VU0360172 treatment, a decrease in seizure burden for mice experiencing seizures was observed in the VU0360172-treated mice as compared to controls, but this effect was not significant. It is possible that long term treatment with VU0360172 could have diminishing returns or, eventually, adverse effects, and further experiments are needed to determine whether this might be the case. The lack of further improvement of seizure outcomes with the longer VU0360172 treatment also suggests that the drug may be more protective against the development of seizures as opposed to having any direct anti-seizure effect. It is also possible that any direct effects of VU0360172 on cells particularly in the CA1 and CA3 regions of the hippocampus may be lost around the time seizures take hold since we show here that mGluR5 is reduced in these regions starting around 3 DPI and continuing through 14 DPI.
A possible mechanism by which short term VU0360172 treatment may improve seizure outcomes in TMEV-infected mice is through its ability to reduce the amount of TNF-α produced in immune cells (microglia and macrophages) isolated from the brains of VU0360172-treated mice as compared to vehicle-treated controls at 3 DPI (Fig. 5) . T.J. Hanak et al. Experimental Neurology 311 (2019) 194-204 This same reduction was not seen with the proinflammatory molecule IL-6 (Supplemental Fig. 1 ), and both cytokines showed no difference in VU0360172-treated animals as compared to controls at 6 DPI ( Fig. 6 & Supplemental Fig. 2 ). These experiments show that mGluR5 stimulation suppresses the production of TNF-α at the start of seizure development. It is already known that TNF-α plays a role in the development of seizures in the TMEV-induced seizure model (Kirkman et al., 2010) . However, targeting of TNF-α directly, as a possible treatment, poses some difficulties as monoclonal antibody treatments used to inhibit TNF-α do not cross the blood brain barrier (Tracey et al., 2008) , and many patients on TNF-α inhibitors are reported to experience adverse neurological events (Kaltsonoudis et al., 2014; Solomon et al., 2011) . Additionally, Xpro1595, a blood brain barrier permeable, dominantnegative selective inhibitor of soluble TNF-α, was ineffective at blocking acute seizures in the TMEV-induced seizure model when administered peripherally or to the CNS directly , further underlining the potential difficulty of TNF-α inhibition as a treatment in this model. Our results show that VU036172 may represent a new way to target TNF-α production in the early stages of seizure development. Previous work in the TMEV model has also shown that infection leads to an upregulation of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunits GluA1 and GluA2, an effect that was suggested to be driven in part by TNF-α signaling . This could be a potential mechanism, and experiments are underway to investigate whether VU0360172 decreases the level of AMPA receptors and whether this is mediated through TNF-α. While short term VU0360172 treatment had positive effects on TMEV-infected mice and reduced TNF-α + microglia and macrophages, we wanted to make sure that drug treatment did not compromise the clearance of TMEV. Therefore, we investigated whether VU0360172 treatment altered the amount of viral antigen in the brain at 14 DPI. We found that the treatment did not compromise clearance of viral antigen as compared to vehicle-treated controls (Fig. 7) . This is advantageous since inflammation and seizures can be modulated by this drug without compromising the immune system in a way that leads to viral persistence or prolonged viral infection.
Since we observed an improvement in seizure outcomes with positive mGluR5 modulation, we sought to investigate whether the inverse was also true. Therefore, in order to potentially observe a worsening of seizure outcomes compared to controls, we treated TMEV-infected mice with the negative allosteric antagonist MTEP, which has been shown to be highly selective and successful at penetrating the brain upon systemic injection (Cosford et al., 2003; Loane et al., 2014; Rodriguez et al., 2010) . We found that there were no differences between groups (Fig. 3) , demonstrating that limiting mGluR5 signaling does not result T.J. Hanak et al. Experimental Neurology 311 (2019) 194-204 in more seizures in the acute phase. Since inflammation plays a role in the development of acute seizures in our model (Cusick et al., 2013; Kirkman et al., 2010; Patel et al., 2017) , and we show here that short term VU0360172 treatment is likely working by limiting the production of proinflammatory cytokines, it is possible that the failure of MTEP to worsen the disease is due to the fact that mGluR5 antagonism does not increase TNF-α, or that any seizure outcomes in these mice are not exacerbated by a further increase in TNF-α. Moreover, we cannot completely rule out the fact that reducing mGluR5 signaling does not have adverse effects, as it is also possible that mGluR5 activity is already so low at this time that MTEP does not provide any further inhibition, and therefore no worsening in seizure outcomes is observed. To this point, with the percent of mice with seizures at almost 80% at 5 DPI, it is possible that these mice are reaching a ceiling of seizure symptoms and thereby potentially masking any adverse effects of MTEP. It is also possible that only treating mice with MTEP from 0 to 3 DPI may not have been enough time, or the right time period, to produce an observable effect. Treating mice with MTEP during the time in which they are having acute seizures (3-10 DPI) could result in worsening of seizure severity or increase cumulative seizure burden. Therefore, we cannot rule out the fact that longer treatment with this drug could result in a worsening of seizure outcomes. It should also be noted that even though the dose used here has been well established in the literature (Loane et al., 2014; Rodriguez et al., 2010) , it is possible that, due to the half-life of MTEP, the drug may not be having the optimal effect, and therefore, additional injection time points, or doses, could be used in future studies to address this. Long term studies are needed not only to observe the effects of TMEV infection on mGluR5 expression in later stages, but whether VU0360172 produces better outcomes past the acute phase of the TMEV-induced seizure model. It is known that TMEV-infected mice with seizures have increased anxiety-like behavior and impairment in Fig. 7 . TMEV antigen clearance at 14 DPI. (A) Representative images of TMEV antigen staining (arrows) at 14 DPI in the hippocampus of Vehicle-treated animals (left panels), at 10× (top left) and 40× (bottom left) magnification, and VU0360172-treated animals (right panels) at 10× (top right) and 40× (bottom right) magnification (scale bars = 100 μm). (B) Quantification of TMEV antigen staining throughout the brain in Vehicle-versus VU0360172-treated mice. An outlier in the Vehicle-treated group was detected using the Grubb's test (p < .05). However, the presence or absence of this data point did not affect the significance of the results and therefore it was not removed from the final data set. episodic and spatial memory (Umpierre et al., 2014) . Furthermore, when TMEV-infected animals are given a sub-chronic dose of minocycline, 50 mg/kg once daily, there is no significant change in acute seizures, however, there are improved long-term behavioral outcomes; the inverse was true for valproic acid which showed decreased seizures but poor behavioral outcomes . This work highlights the fact that seizure phenotype alone is not necessarily a good predictor of chronic outcomes in the TMEV-induced seizure model. Therefore, it would be beneficial to investigate the effects of VU0360172 on the long term behavioral outcomes in TMEV-infected mice.
The present work demonstrates the potential of using mGluR5 as a therapeutic target in the TMEV-induced model of seizures/epilepsy, a mouse model of human TLE. We have found that not only does pharmacological stimulation of mGluR5, through administration of VU0361072, have potential as a treatment for acute phase seizures, but is also a means of attenuating TNF-α levels in the brain during the start of this period. This is of particular interest since, as previously stated, monoclonal antibodies used to inhibit TNF-α do not cross the blood brain barrier, and furthermore, complete inhibition of TNF-α may have adverse effects (Kaltsonoudis et al., 2014; Solomon et al., 2011; Tracey et al., 2008) . Now, VU0360172 presents a way to attenuate TNF-α production in microglia and macrophages, which means that signaling is most likely reduced without being completely abolished. In conclusion, the work here shows that mGluR5 stimulation can indeed reduce seizure outcomes in TMEV-infected mice, along with attenuating TNF-α levels, providing a target for further research in the TMEV model.
